Abstract: The measurement of train resistance characteristics in railway tunnels can be a difficult and costly task. This is especially likely when the operator has to provide special trains and large numbers of staff. It would be a considerable advantage if the resistance characteristics could be measured during routine operation with scheduled trains. In May 1996, night-time tests were planned for aerodynamic measurements in the Grauholz Tunnel in Switzerland. They required the installation of pressure, velocity and temperature sensors in the tunnel. The opportunity was taken to record conditions during scheduled operation and this paper reports the use of the data to infer resistance coefficients of trains. It is shown that consistent interpretations are possible, but only when the gaps between successive trains are sufficiently large. Accurate measurements of air velocity are necessary to clarify conditions in the tunnel before train entry. The most important resistance parameter for a long train is its skin friction coefficient. It is found that this can be as low as 0.003 for a modern, streamlined passenger train, but as high as 0.010 for a nonuniform freight train.
INTRODUCTION
In May 1996, the Aerodynamics group of Deutsche Bahn (now DB AG) designed and undertook a programme of aerodynamic measurements in the Grauholz Tunnel in Switzerland on behalf of Swiss Railways (SBB). The tests 71
The MS was received on 23 September 1998 and was accepted after revision for publication on 11 December 1998. were carried out during the night time when low traffic densities ensured long periods for conditions to settle down before each test. It was recognized that the existence of the measuring equipment inside the tunnel offered an opportunity to undertake measurements of routine traffic during the daytime. It was felt that valuable information might be obtained about the resistance characteristics of routine trains even though there would be few periods of quiescent flow. Historically, the aerodynamic resistance of trains in tunnels has been estimated from train performance tests. The total power requirement is measured and the amount required to overcome aerodynamic drag is determined by making deductions to compensate for: (a) acceleration or deceleration, (b) uphill or downhill gradients, (c) motor efficiency, (d) rolling resistance and (e) momentum of air ingested for cooling.
This method has two important disadvantages. Firstly, its accuracy can be degraded by errors in any of the above factors. Secondly, on-board measurements are needed.
Gaillard [1] described a method for interpreting pressure measurements to obtain overall drag coefficients for complete trains. His method worked satisfactorily for sufficiently slow trains, but it cannot be used in the presence of strong pressure waves.
Hara [2] , Gawthorpe et al. [3] and Maeda et al. [4] showed that it is possible to deduce the aerodynamic resistance of trains if their stagnation pressure loss coefficients are known. They pointed out that these data can be obtained from measurements of the pressure wavefronts generated when the nose and tail of the train enter the tunnel. Vardy [5] developed their ideas and showed that it is necessary to account for accelerations of airflow in the annulus around a train when inferring skin friction coefficients.
The main purpose of the present paper is to assess the potential for deducing train resistance coefficients from measurements during routine operation. A secondary purpose is to obtain representative numerical values for different types of train. The values are deduced from comparisons between measured data and predictions from a comprehensive simulation package. This avoids the risk of overlooking interactions between the many parameters that influence the overall result.
The paper begins with a description of the test tunnel and the instrumentation available for measurement purposes. The method for interpreting the data is then explained and justified, using a modern, streamlined train for illustrative purposes. This enables the available degree of detail to be clarified. The method is then applied to a second streamlined train, to two conventional passenger trains and to two freight trains. Resistance coefficients are deduced for each of these. The implications of the study for future testing are discussed in Section 6 and key conclusions are itemized in Section 7.
GRAUHOLZ TUNNEL
The Grauholz tunnel, about 10 km north-east of Berne on the Olten line, is a twin-track tunnel with an overall length of 6298 m. It is of slab track construction except for regions of ballast track within 60 m of each portal. Its crosssectional area is approximately 62 m 2 and its perimeter length is about 32 m. On both sides of the tunnel there are refuges at intervals of approximately 100 m throughout its length. These are built inside the normal tunnel envelope and they restrict the cross-sectional area by about 2 m 2 . They are not important for the purposes of the present paper.
A wide variety of trains passes through the tunnel on a typical day, including both passenger and freight traffic. Typical speeds are in the range 90±130 km=h. There are several trains per hour in each direction so it is unusual for the air speed to decay to zero. It does, however, approximate to uniformly decelerating conditions when the gaps between trains (in both directions) are sufficiently large. Even these periods are rare, but a few existed during periods of measurement in the evenings.
The locations of the instruments were determined primarily by the needs of the night-time tests, but account was also taken of the daytime requirements. At each of four locations shown in Fig. 1 there was a pressure transducer and a vane anemometer. The transducer was close to the wall of the tunnel, about 2.5 m above track level, and the anemometer was near the edge of the walkway, about 1.5 m above track level. In addition, the air temperature was measured at each location.
The train speeds can be estimated from the time of travel between pairs of light sensors mounted 49 m apart, just inside the two portals. Data were recorded at intervals of 0.1 s and therefore the available precision is AE0.2 s. The time interval between the train nose passing the first of these and the tail passing the second was typically about 5.5 s, implying an accuracy of approximately AE3 per cent. This is adequate for many purposes, but greater precision is needed for the special purposes of the present study. An alternative method for deducing the train speed is described in Section 3.2.1. In addition to digital recordings within the tunnel, video recordings of the trains were taken at a site approximately 20 m outside the Mattstetten portal (x 6300 m).
In this paper, results are presented for six trains, all travelling from Olten to Berne: (a) two Talgo Pendular 200 RD trains, (b) two conventional passenger trains and (c) two freight trains, one fairly uniform, one non-uniform.
STREAMLINED TRAINS
Two Talgo trains were recorded in the test series. These were in runs 28.02 and 29.17 which represent the same scheduled train service on successive evenings (28 and 29 May 1996). It is known from the video recordings that different trains were used on the two nights, but they were geometrically similar. Both consisted of 10 coaches drawn by a locomotive of significantly larger cross-section.
3.1 Overview of measurements for run 28.02 Figure 2 shows measured pressure histories for run 28.02 at the principal measurement locations in the tunnel together with a simple wave diagram which can be used to identify the key events, notably the instants when the nose and tail of the train pass the transducers. The pressure traces are offset at 0.5 kPa intervals, partly for clarity and partly to highlight the propagation of waves along the tunnel.
The first strong event in each pressure history is the nose entry wavefront (NW). Its times of arrival at the various transducers provide a measure of the speed of wave propagation along the tunnel. The magnitude of this wavefront decreases as it travels along the tunnel and the magnitudes of the subsequent reflections also decrease. Similar behaviour is observed for the tail entry wavefront (TW), which follows about 4 s behind the nose entry wavefront.
The other principal features of the pressure histories are a sudden fall in pressure when the train nose passes by (NP) and a subsequent rise when the tail passes (TP). These features are much stronger than the noise and other fluctuations in the signals. A smaller, but possibly significant, feature is the gradual increase in pressure at x 4113 m before the arrival of the first disturbance from this train, i.e. NW. This suggests the presence of residual wave action from previous trains. Figure 3 shows the corresponding velocity histories. These also display the influence of wave action, but the dominant feature in the figure is associated with the train passing the measuring position at x 6000 m. It is shown in Section 3.2.3 that the measured values during this period are not representative of mean velocities in the tunnel cross-section. They are highly dependent upon nonuniform conditions in the cross-section, firstly in the annulus alongside a train and then in the wake region behind the train. For consistency with the convention used by the experimenters when defining the locations of the transducers, the x axis is chosen from left to right in Fig.  1 . As a consequence, trains travelling from Olten to Berne (i.e. from right to left in Fig. 1 ) tend to make the velocity more negative.
The most important use of the velocity histories here is to estimate the magnitude of the air velocity in the tunnel before train entry (a head wind of approximately 1 m=s in run 28.02). It is shown in Section 3.3.5 that this has a strong influence on the pressure histories.
3.2 Detailed measurements at x 6000 m for run 28.02 Figure 4 shows the pressure and velocity histories at x 6000 m in greater detail during the period from shortly before the train nose enters the tunnel until shortly after the tail passes the transducer. Four abrupt events are easily seen in the pressure measurements. These are the instants when the nose entry and tail entry wavefronts, NW and TW, pass the transducer and when the nose and tail of the train itself pass by, NP and TP.
Train length and speed
The key features can be used to deduce the length and speed of the train. In principle, the average train speed can be deduced from the time interval between NW and NP. This interval is the difference between the times required for the nose entry wavefront and for the nose itself to travel from the portal to the transducer. To deduce the train speed in this way, it is first necessary to determine:
(a) the distance between the portal and the transducer, (b) the time interval between NW and NP and (c) the speed of wave propagation between the portal and the transducer.
The distance between the portal and the transducer can be measured directly in this instance because the portal is abrupt. In some tunnels, however, the choice of the particular cross-section to be regarded as x portal is less obvious. This is the case, for example, when the plane of the portal is not normal to the longitudinal axis of the tunnel (a`scarfed' portal). A popular choice that is usually unambiguous is the first location at which the tunnel crosssection is totally enclosed. The importance of this decision becomes clear when an attempt is made to deduce the time interval between NW and NP. These events are not instantaneous, but occur in finite periods. In run 28.02, NW may be loosely approximated by a linear increase in pressure during an interval of about 0.25 s. This is too large to be neglected in comparison with the interval of about 8 s between NW and NP. Thus it is necessary to estimate which part of NW corresponds to the period before the nose reached x portal and which part corresponds to later stages of nose entry. Here, the instant NW is deemed to coincide with the midpoint on the pressure rise. The instant of nose entry (NE) precedes NW by the time required for a wavefront to travel from x portal to x transducer . This is determined by the speed of propagation, namely V c, where V denotes the average 
where ã is the ratio of the principal specific heat capacities (1.401 for air), R is the gas constant (287 J=kg K for air) and T is the absolute temperature.
Having deduced the speed of the train, its length can be determined from the time interval between NP and TP. These events are deemed to coincide with the instants when the major pressure changes begin to occur. Thus NP coincides with the beginning of the large reduction in pressure and TP coincides with the beginning of a rise. The interpretation of the time interval between these events is additionally influenced by the shapes of the train ends.
It is implicitly assumed in the preceding paragraphs that the train speed is constant. In practice, this is nearly true in most of the cases studied here, but some of the trains were accelerating or decelerating during entry into the tunnel. In these cases, the average speed between NE and NP differs significantly from the average speed between NP and TP.
Response time of anemometers
The response times of the anemometers were appropriate for their primary purpose, namely the measurement of long-term average velocities, and they gave consistent performance. The measured velocity histories should not, however, be used to assess high-frequency effects. This can be illustrated by observing the measured velocity between NW and TW. In reality, the first of these wavefronts causes a sudden negative shift in velocity and the second causes a positive shift (note that the train is travelling in the negative x direction). In contrast, Fig. 4 shows a gradual change between NW and TW and an even more gradual change thereafter. That is, the recorded velocity lagged behind the true value. The influence of NW was far from established before the arrival of TW. 
Boundary layer alongside the train
Notwithstanding their slow responses, the anemometers show rapid changes in velocity when the train passes alongside. Initially, the velocity responds in the manner predicted for the mean velocity in the annulus. Very soon, however, it reverses sign, probably because of the lateral growth of the boundary layer along the train. The subsequent gentle rise as the latter half of the train passes by is believed to coincide with the period where the boundary layer fills the annulus. Very different velocity histories would have been obtained if the anemometers had been located in a different part of the tunnel cross-section. The true mean velocity in the annulus is in the positive x direction throughout the period of train passing.
Wake behind the train
After the tail of the train passes, the velocity reaches about À15m=s before decaying towards zero. Once again, the peak magnitude is much larger than the mean velocity in the tunnel. This time the anemometer is in the wake region behind the train where large-scale turbulence has a pronounced influence on the overall behaviour.
The importance of wake turbulence can also be seen in the pressure measurements; the pressure remains below the mean flow value for several seconds after the tail passes. In this context,`mean flow values' are those that would exist in a simple steady flow with the same mean velocity, there being no physical obstruction between the portal and the measuring position.
Tail entry wavefront
Of the four key events identified at the beginning of Section 3.2, TW is the least well defined in the measured pressure history. This is partly because of three-dimensional effects during tail entry, partly because of the wake region behind the train and partly because expansion wavefronts increase in length as they propagate along ducts. Two collective consequences of these effects are that The time of arrival of the bulk of the tail entry wavefront is later than predicted by most theoretical methods. This is believed to be attributable to increased compressibility in the annular region because of the structural response of trains and to leakage of air to/from the trains [6] . Evidence in support of this hypothesis is provided by measurements with a highly non-uniform freight train (see Section 5.1). Figure 5 shows comparisons between the measured pressure history at x 6000 m and numerical predictions based on alternative values of key parameters. The predictions have been obtained using the computer package Thermotun. This incorporates the program Aerotun, which has been validated by, for example, Glo Èckle and Pfretzschner [7] . Other programs are equally capable (see, for example, references [8] to [10] .
Best-fit values of empirical coefficients
Each box in Fig. 5 contains three predicted pressure histories. One curve in each box corresponds to the base values listed for run 28.02 in Table 1 . These are the best-fit values obtained by trial and error. The other two curves show predictions with one parameter varied, highlighting its influence and assisting in assessing the accuracy of its chosen best-fit value. The reduced and increased values are listed in Table 2 . In all boxes in Figs 5 and 6, the dash±dot line corresponds to a reduced value of the parameter under consideration and the double-dash line corresponds to an increased value.
Train area, a z
From the video record, it is known that the Talgo train consisted of a locomotive hauling ten coaches. The crosssectional areas of the locomotive and the coaches are assessed here as 10.5 and 9.0 m 2 respectively. The influence of the increased size of the locomotive is easily seen in the predictions; it increases the pressure changes associated with NW and NP. The decay just behind the locomotive is analogous to that behind the tail of the train. With older trains, the effective aerodynamic area cannot be deduced from geometrical drawings. Usually, some nonaerodynamic criterion has been used to define the area and aerodynamicists have made compensating adjustments through suitable choices of values for other parameters, notably the train nose loss coefficient. This process is still necessary with some trains, but not with modern, streamlined trains for which the train envelope is well defined. Figure 5a shows the influence of a 1 m 2 increase and a 1 m 2 decrease in the cross-sectional area of the whole train. The greatest influence is seen in the period before TW, but significant dependence is also displayed throughout the period up to TP. If the train area were the only unknown parameter in the simulations, it could be deduced from this figure within an uncertainty of about 0.25 m 2 . In practice, other parameters are also uncertain so the figure should not be used in this way. Nevertheless, an independent assessment of the accuracy of the deduced values (10.5 and 9.0 m 2 ) would be a valid test of the methodology used to obtain the overall best-fit values from these measurements. Fig. 5 Sensitivity study for pressures at x 6000 m (run 28.02): ÐÐ measured, ± ± ± base, À Á À Á À reduced, ± ± ± ± increased (see Table 2 )
Proc Instn Mech Engrs Vol 213 Part F F02498 # IMechE 1999 Fig. 6 Sensitivity study for pressures at x 6000 m (run 29.17): ÐÐ measured, ± ± ± base, À Á À Á À reduced, ± ± ± ± increased (see Table 2 The nose of the Talgo locomotive is streamlined and is not expected to cause significant boundary layer separations. This suggests that the nose loss coefficient should be close to zero [5] . In practice, however, the coefficient for the locomotive of this particular train has been deduced as k N % 0:05 within an uncertainty of about AE0.025. A simple explanation for this seemingly paradoxical result may be inferred from the extended Bernoulli equation:
where p is the static pressure, V Ã is the mean velocity relative to the train, r is the air density (assumed constant for simplicity), á is the kinetic energy flux correction coefficient (e.g. reference [11] ), tun denotes the open tunnel ahead of the train and ann denotes the annulus around the locomotive.
Values of kinetic energy flux correction coefficients are rarely known and engineers commonly approximate them to unity. This would be unacceptable in laminar flow applications, but it is a reasonable approximation in many turbulent flows. As an example, for steady flow along a pipe, the exact value for simple Poiseuille flow is á 2:0, whereas the value for turbulent flow is typically á % 1:06.
The values of á tun and á ann depend solely on the velocity distributions at the flow sections where they are applied. For flow conditions relative to a train, it is likely that á tun is only slightly greater than unity, but that á ann exceeds unity by several per cent. Notwithstanding this explanation, it is not practicable to attempt to separate the effects of á ann and k N in the current measurements. For practical purposes, it is sensible to attribute the whole effect to k N , but to expect that its value will never fall below about 0.05.
Figures 5a and b show that, in the period before TW, the influence of k N on the pressure history is almost indistinguishable from the influence of a z . In contrast, k N has negligible influence during the period when the train passes by. This would make it easy to distinguish between the two effects if the measured signals exhibited little noise and if the initial conditions were quiescent. It is less easy to distinguish between them in the present results, but the effective value of k N is unlikely to lie outside the range 0:050 AE 0:025.
Train tail coefficient, k T
The influence of the tail loss coefficient is illustrated in Fig. 5c . The reference case is the Borda±Carnot relationship which yields k T â 2 , where â denotes the area blockage ratio a z =a t . The other two cases are extreme variations from this value, namely 0 and 2â 2 . Physical reasoning suggests that it will be unusual for k T to exceed â 2 significantly unless a train tail has a locally increased cross-section. Likewise, it is not possible for k T to be as small as zero because this would imply perfect streamlining of the trailing surfaces. Realistically, k T will rarely lie outside the range 1 2 â 2 < k T < â 2 . The dependence of the pressure histories on k T is shown in Fig. 5c to be too small to enable the value of k T to be determined reliably within its expected range. The Borda± Carnot value has been used as the base value in all comparisons in this paper.
Train
The magnitude of the skin friction is usually expressed by means of a skin friction coefficient f z which ranges from about 0.003 for modern, streamlined trains to about twice this value for older passenger trains. The average shear stress around the perimeter of the train cross-section at any particular location is ô wz f z 3 1 2 rV Ã2 , where the asterisk denotes axes moving with the train.
In practice, the shear stress varies strongly around the train surface, depending, for example, on the influence of bogies and on the proximity of the adjacent tunnel surface. The parameter ô wz denotes the average value around the perimeter and f z similarly denotes the average skin friction coefficient around the perimeter (of length l z ).
Suppose that the shear force per unit length along the train, namely ô wz l z f z l z 3 1 2 rV Ã2 , can be deduced from measurements. Division by 1 2 rV Ã2 will then yield the value of the product f z l z and further division by l z will yield the average skin friction coefficient. This is the process followed here, but there is an important complication, namely that the magnitude of the perimeter length is not known. This is especially obvious in the present case because no geometrical drawings are available. It can still be so, however, even when such drawings are available. No universally acceptable definition exists for the crosssectional perimeter of a train, especially older trains and irregular freight trains.
This difficulty can be circumvented by using the same perimeter length for every train (see Table 1 ). Strictly, therefore, differences between presented values of f z are indicative of differences in`force per unit length', but not necessarily of the true skin friction coefficient. For simplicity, however, this complication is not revisited explicitly hereafter.
The influence of skin friction is illustrated in Fig. 5d . Its direct influence is on the pressure gradients in the regions between NW and TW and NP and TP, but it has a strong indirect influence on the absolute pressure in the intermediate period between TW and NW. The direct effects are of greatest significance for present purposes because few other parameters have a strong influence on these pressure gradients whereas most parameters influence the intermediate pressure.
In an ideal test case, the train would be much longer than the 146 m Talgo train under present consideration. Then, the distance required for the development of the boundary layer in the annulus would occupy a smaller proportion of the train length. In the present example, however, the development distance is a significant proportion of the total length (see Section 3.2.3) so the inferred average friction coefficient might not be representative of a longer train. As a comparison, Maeda et al. [4] estimated a value of about 0.004 for 400 m long Shinkansen trains in tunnels with a cross-sectional area similar to the Grauholz Tunnel.
Pre-existing air velocity
The influence of a uniform air velocity in the tunnel before train entry is illustrated in Fig. 5e . In all cases, the initial pressure throughout the tunnel is assumed equal to atmospheric pressure, thus implying that any pre-existing flow is decelerating uniformly in response to skin friction on the tunnel surfaces. The base value of the pre-existing air velocity (a head wind of 1.0 m=s) has been deduced from the anemometer measurements (see Fig. 4 ) and Fig. 5e shows the influence of varying it by AE2 m=s. This range is greater than the uncertainty expected in practice.
The influence of the pre-existing air velocity is greatest during the period before nose passing (NP). During the period when the train passes the instrument (NP to TP), the behaviour loosely resembles that found for a change in the train area, but the influence on the pressure gradient is stronger.
In the absence of direct information, it would be difficult to distinguish between the effects of train area and preexisting velocity. With relatively noisy signals such as those available from the present tests, it is even difficult to distinguish unambiguously between either of these and the nose loss coefficient. This underlines the importance of measuring pre-existing velocities in full-scale tests, thereby eliminating one of the complicating factors.
Train acceleration
A third parameter that can influence the pressure gradients is the train speed. Thus far it has been assumed that the speed is constant, but it is possible in principle for acceleration or deceleration to occur. Figure 5f shows how accelerations of AE0.02 g would affect the pressure history. These rates are greater than is likely in this particular instance, but they are possible in general. For ease of comparison, the same average speed is chosen for all three cases for the period up to TP. For example, an accelerating train enters the tunnel more slowly than the common average speed, but passes the measuring position at greater than the average speed.
An interesting feature of this figure is that the pressure gradients in both regions NW±TW and NP±TP behave in the same way. Either both decrease or both increase. The consequence is especially notable in the region NW±TW because the faster moving train exhibits a smaller pressure gradient than the slower moving train.
This behaviour provides an unambiguous demonstration that the gradient in the region NW±TW is influenced by accelerations as well as by friction. The effect exists even in the case of trains moving at constant speed because the continuously increasing length of train inside the tunnel implies continuously increasing resistance to backflow. Allowance should always be made for the acceleration of the airflow when inferring skin friction coefficients from measured pressure histories in tunnels. This is done automatically when using computer software such as that used here, but it has often been neglected by authors using simplified models of the airflows.
Other parameters
Several parameters not considered here have a potential influence on the pressure histories. For example, it has been assumed that the area of the locomotive is 1.5 m 2 greater than that of the coaches and that Borda±Carnot conditions describe the flow expansion just behind the locomotive. Similarly, losses at intercoach junctions have been neglected, thus possibly increasing the inferred skin friction coefficient.
Another parameter that has not been varied in the results presented here is the tunnel skin friction coefficient, which has been assumed throughout to be 0.006. This value is representative of slab track construction. In simulations not presented, it has been found that variations as large as AE0.003 in this coefficient do not have a strong influence on the predictions during the period of interest (before TP).
Application to run 29.17
A necessary (but not sufficient) test of the validity of the empirical coefficients deduced from the measurements is that they should be independent of the particular journey through the tunnel. Ideally, they should also be valid for the same train in other tunnels, but this cannot be investigated from the present results. Figure 6 is equivalent to Fig. 5 in all respects except that it describes a different train journey, designated run 29.17. This was the same scheduled service as run 28.02 on the previous day, but the two trains were different.
There are two small, but important, differences from run 28.02. Firstly, the measured air velocity in the tunnel before train entry was almost zero. Secondly, the train speed was lower. It is probable that the speed was not constant, but an overall average speed of 122.6 km=h is used for the base case in Fig. 6 .
The trends exhibited by Figs 5 and 6 are very similar. This does not, in itself, confirm that the chosen best-fit values are correct, but it is a strong indication that they are realistic. At the very least, the close similarity between the two figures suggests that the methodology is selfconsistent.
OTHER PASSENGER TRAINS
The above two runs are the only ones recorded for Talgo trains, but several runs were recorded for other passenger trains. In most cases, the conditions in the tunnel were too disturbed by other trains for reliable correlations to be undertaken, but two runs are worthy of careful investigation.
In one case (run 29.20), the train consisted of coaches pushed by a locomotive at the rear. This is stated in the written record and it is confirmed by the video recording. It is the explanation for the strong pressure variations shown in Fig. 7a just ahead of the rear of the train. These are analogous to the variations at the front of the train in Fig. 4 , where the locomotive led the coaches. A marked difference between the measured pressure histories for run 29.20 and the Talgo runs is the strength of the wake region behind the tail. This is consistent with having a trailing locomotive.
The second case (run 23.21) was not recorded on video so the train configuration is not known. No special notes were made in the written record, so it is likely that the train was pulled by its locomotive. Nevertheless, pressure variations near the rear of the train suggest that the trailing coach might have been larger than the other coaches. This is not unusual with Swiss trains, but no firm conclusion may be drawn for this particular case.
The best-fit values of the various coefficients for these two runs are listed in Table 1 and the corresponding pressure histories are compared with the measured pressures in Fig. 7 . The most important difference from the values obtained for the Talgo trains is the much greater value of the skin friction coefficient. This is consistent with the video recording, which shows that the coaches in run 29.20 had a ribbed roof, inset windows and open bogies. The inferred skin friction coefficients may be compared with a value of 0.0063 obtained by Gawthorpe et al. [3] for a British HST in a 40 m 2 tunnel. Using formulae presented by Vardy [5] , this can be shown to correspond to a value of approximately 0.0057 in a 62 m 2 tunnel. Therefore, for the quoted perimeter length of 11 m, the product l z f z is approximately 0.063, which is close to the value of 0.060 listed in Table 1 for the conventional passenger trains. Figure 7 shows the pressure history until 60 s after nose entry, allowing time for the nose entry and tail entry wavefronts to propagate back along the tunnel after reflection at the exit portal. It therefore provides information about the ability of the theoretical method to predict wave propagation along the tunnel. This is not of primary importance to the purposes of the present paper, but it does have some influence even during the period studied in Fig. 7 .
Wave propagation in the tunnel
In both runs in this figure, the reflection of the nose entry wavefront begins to arrive at the measuring position about 35 s after NW and its subsequent reflection from the entrance portal begins to arrive about 1.75 s later. The reflections of the tail wavefront are about 6 s behind the nose wavefront. Two discrepancies are apparent: Mashimo et al. [12] also measured strong attenuation in a slab track tunnel and Vardy and Brown [13] have shown that their results can be reproduced numerically by a model of unsteady skin friction. It is reasonable to assume that the attenuation measured in the Grauholz Tunnel is also primarily due to unsteady skin friction. The importance of this deduction lies in its implications for the behaviour of wavefronts during the period when the train coefficients are deduced, namely the first 15 s of the train journey. In this period, the damping will be less than half of that seen in Fig. 7 , in which the wavefronts have (a) travelled much further, (b) reflected at the exit portal and (c) passed alongside the train. All three of these contribute to the damping seen in the figure. It is tentatively concluded that unsteady skin friction will have an influence during the period of primary interest, but that it is unlikely to be sufficient to cast serious doubt on the inferred values of the various parameters.
FREIGHT TRAINS
Many freight trains passed through the tunnel during the measurement period, but only two examples (runs 29.19 and 23.20) satisfy the key requirements that the preexisting conditions were relatively free from waves and that the train is recorded on the video. The latter requirement is essential for freight trains because such big differences exist between them. In the absence of geometrical details, it would not be possible to make reliable deductions about the implications of particular measurements.
The trains in these two runs were very different from each other. In run 29.19 the train was about 326 m long and was composed of closed wagons of roughly equal size. In run 23.20 the train was longer, about 450 m, and was composed of containers on flat-bed trucks. Most trucks had two containers, but several contained only one. Thus the overall shape of the train was irregular; it did not approximate closely to the uniform area representation that is assumed in analyses here.
The best-fit values of the various coefficients for these two runs are listed in Table 1 and the corresponding pressure histories are compared with the measured pressures in Fig. 8 . Predictably, the inferred skin friction coefficient for the closed wagons is greater than that for passenger coaches, but much smaller than that for the irregular train.
The inferred skin friction coefficient for the regular freight train may be compared with a value of 0.00625 assumed by Pope et al. [14] for freight traffic in a 32 m 2 tunnel. Using formulae presented by Vardy [5] , this can be shown to correspond to a value of approximately 0.0054 in a 62 m 2 tunnel. Therefore, for the quoted perimeter length of 11.5 m, the product l z f z is approximately 0.062. This is much smaller than the value of 0.078 listed in Table 1 for the regular freight train. It is comparable with the value obtained in Section 4 for a standard passenger train.
Wave speed in annulus
An interesting feature of Fig. 8 is the large delay in the arrival of the tail entry wavefront (at approximately t 20 s). The measured time of arrival is approximately 1.25 s after the predicted time, thus implying that the average speed of propagation up to this point was about 6 per cent slower than expected. By comparison, the reflection of the nose entry wavefront from the exit portal begins almost exactly at the expected time (approximately t 38 s) even though this wavefront has travelled more than 12 km.
The reason for the delayed arrival of the tail entry wavefront is that air in the large gaps between some containers is compressible. It was shown by Vardy and Fox [6] that compressibility could have a marked influence on effective wave speeds. Run 23.20 is a particularly clear demonstration of this effect because the compressibility is so large. The same effect is also observed in all other cases considered here, but to a lesser degree.
USE OF RESISTANCE COEFFICIENTS
The best-estimate values of resistance coefficients in Table 1 were obtained for the particular trains studied here. Nevertheless, the comparisons presented with other published data imply that the values are indicative of particular types of train. Thus, for example, the skin friction coefficients for all well-streamlined trains with smooth surfaces are probably about 0.003 and the coefficients for freight trains will usually lie in the range 0.006±0.010, depending on the regularity of the wagon formation along the train. In many applications, these values may be sufficiently accurate for preliminary design purposes. For tunnels with cross-sectional areas that differ significantly from the Grauholz Tunnel (i.e. 62 m 2 ), adjustments may be made to the train coefficients in the manner described by Vardy [5] .
The main uses of train resistance coefficients in tunnels are (a) to estimate the magnitudes of pressure wave fluctuations and (b) to estimate train drag forces in order to inform analyses of phenomena such as smoke propagation, pollution dispersion, tunnel climate and power consumption, etc. For each of these purposes, the most suitable use of the coefficients is as input data to a comprehensive computer package such as that used here. The reasons for this are explained fully by Vardy [5] . In some instances, however, an engineer might wish to obtain a rough estimate of an aerodynamic drag force for use in some wider calculation. In this case, the following approach might be suitable (provided that a proper analysis is carried out in due course):
1. Use Table 1 and engineering judgement to deduce representative values of f z , k N and k T . 2. Estimate the shear force on the lateral surfaces of the train:
Estimate the consequential drag force due to skin friction: F Dô % F ô a tun =(a tun À a z ). 4. Estimate the form drag due to nose and tail effects: For completeness, note that the drag force due to skin friction, F Dô , includes two components. One is attributable directly to the shear forces on the lateral surfaces. The other is a consequential pressure force on the nose and tail (see reference [5] or [15] ). Also note that the use of the train speed V z in these expressions is an approximation. The true parameter would be the air speed relative to the train.
IMPLICATIONS FOR FULL-SCALE TESTING
The achievement of reasonable consistency from data obtained during routine operation gives confidence in the type of data obtained. It is useful to set out the key factors that have made the data so useful. Proper allowance can then be made for these factors in the design of future test programmes intended to yield train coefficients.
Tunnels
The test tunnel should be of uniform area and of sufficient length for the tail of the train to be well past the principal measuring location before reflections begin to arrive from the exit portal or from other discontinuities. The need for this requirement is illustrated in Figs 2 and 3 . If wave reflections arrived before the required data were recorded, the conditions would be more complex and inaccuracies in the prediction of wave propagation along the tunnel would distort the deduced coefficients.
As an indicative example, suppose that the tail of the train passes the measuring position approximately 15 s after nose entry. In this period, the nose entry wavefront will have travelled about 5 km and so the tunnel would need to be at least 3 km long. If the interval between the prescribed events were only half as great, the tunnel would need to be only 1.5 km long.
Ideally, measurements should be made with the same train(s) in two or more tunnels with significantly different cross-sectional areas. This will enable the influence of the blockage ratio â to be investigated.
Trains
Whenever practicable, the trains should be sufficiently long for fully developed boundary layer flows to exist along a large proportion of the train and for the effects of differences between locomotives and coaches/wagons to be small. For such trains, the inferred friction coefficient will be nearly independent of the train length.
The train speed should be as large as possible to minimize the influence of random noise in the measurements. Ideally, the speed should be constant during the period of measurement. If not, sufficient data should be recorded to enable variations in speed to be deduced. The small accelerations considered in Figs 5f and 6f have as much influence on the predictions as the changes considered in some other parameters. Their influence on the inferred skin friction coefficients is especially strong.
As much information as possible should be recorded about the geometrical configuration of the train. This is especially important for trains that are not of uniform area. Video recordings provide a valuable record that supplements written records and enable users to deduce information that is not recorded by other means at the time of the tests.
When the train schedule can be influenced by the experimenters, the gaps between trains should be sufficiently large for ambient conditions to be established between runs. The minimum acceptable gap between trains is such that uniform conditions are established in the tunnel (this includes uniform deceleration of the air as well as steady air flow).
If the purpose of the measurements is to characterize a particular type of train rather than to assess an individual train, then the length should be as large as possible. This is to reduce the influence of end effects such as the developing boundary layer in the leading region of the annulus around the train.
Pressures
The principal measuring position should be sufficiently close to the entrance portal for the influence of damping mechanisms on wave propagation to be negligible. It should be sufficiently far from the entrance portal to enable the key features (NW, TW, NP, TP) to be identified clearly. Ideally, the sequence of these events should be NW±TW± NP±TP, as in Figs 5 and 6 for instance. The sequence NW±NP±TW±TP in Fig. 8 is less desirable because the regions of strong @ p=@ t are curtailed. This reduces the accuracy with which the train skin friction coefficient can be deduced.
The sampling frequency of the pressures should be sufficiently high to enable the timing of key events to be deduced accurately. Ideally, the interval between samples should not exceed about 0.05 s (even smaller if rates of change in pressure at the wavefronts are of significance). Recordings should commence sufficiently far ahead of nose entry to enable the initial conditions to be deduced accurately. They should continue until long after tail passing.
Air velocities
Velocities should be measured at the same locations as pressures. This simplifies the interpretation of data and the estimation of instrument response times. Mean flowrates can be estimated from point measurements of velocity only in regions of well-developed flow. These exist ahead of trains and far behind trains, but not alongside them or in their wake regions.
Velocities should be recorded for a sufficiently long period before nose entry to enable the magnitude and direction of the pre-existing air flow to be deduced accurately. The length of this period is dependent upon the frequency response of the instruments. Provided that this requirement is satisfied, it is not necessary to use high-frequency anemometers for train resistance tests.
Atmospheric conditions
The ambient pressure and temperature far inside the tunnel should be recorded. The pressure is the same as outside the tunnel, but the temperature is influenced more strongly by the tunnel wall temperature than by external atmospheric conditions. If atmospheric conditions outside the tunnel might induce draughts along it, their magnitudes and the wind direction should be recorded.
Other
Calibration data should be recorded for each instrument together with the method for determining the zero base value in each run. Any drift should be monitored in sufficient detail to enable suitable compensation to be made. A common time base should be used for all instruments. The time and date of each run should be recorded in the same manner on all media.
CONCLUSIONS

Resistance coefficients
1. It has been shown possible to obtain good estimates of train resistance coefficients from measurements in tunnels during routine operation provided that adequate intervals exist between trains. It is important to know the initial conditions in the tunnel in the period before train entry. To provide this, measurements of air flowrate are necessary in addition to pressure measurements. 8. Although not an absolute requirement, a visual record of the trains provides valuable evidence of (a) their configuration and (b) the time intervals between trains. 9. The length and speed of a train can be deduced accurately from suitable pressure measurements.
